Pecan is an economically important nut crop tree due to its unique texture and flavor properties. The pecan seed is rich of unsaturated fatty acid and protein. However, little is known about the molecular mechanisms of the biosynthesis of fatty acids in the developing seeds. In this study, transcriptome sequencing of the developing seeds was performed using Illumina sequencing technology. Pecan seed embryos at different developmental stages were collected and sequenced. The transcriptomes of pecan seeds at two key developing stages (PA, the initial stage and PS, the fast oil accumulation stage) were also compared. A total of 82,155 unigenes, with an average length of 1,198 bp from seven independent libraries were generated. After functional annotations, we detected approximately 55,854 CDS, among which, 2,807 were Transcription Factor (TF) coding unigenes. Further, there were 13,325 unigenes that showed a 2-fold or greater expression difference between the two groups of libraries (two developmental stages). After transcriptome analysis, we identified abundant unigenes that could be involved in fatty acid biosynthesis, degradation and some other aspects of seed development in pecan. This study presents a comprehensive dataset of transcriptomic changes during the seed development of pecan. It provides insights in understanding the molecular mechanisms responsible for fatty acid biosynthesis in the seed development. The identification of functional genes will also be useful for the molecular breeding work of pecan.
Introduction
Carya illinoinensis, also known as pecan, and is originated from the North America [1] . Pecan is now an economically important tree nut crop all over the world, the seed of which has unique texture and flavor properties [2, 3] . The basic nutritional composition of pecan includes fatty acids, protein, phytochemicals and some other bioactive compounds [4] . Pecan nuts have been shown to contain very high levels of antioxidants, thus its consumption has been associated with several health benefits, including improved serum lipid profile [5] . The accumulation stage were prepared in triplicates. RNA isolation was performed using the Biozol Plant RNA Extraction Kit, as previously described. RNA quantity and quality were assessed using a NanoDrop 2000c Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and agarose gel electrophoresis, respectively. The RNA samples were further assessed using the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The mRNA was enriched from total RNA using oligo (dT) magnetic beads and fragmented into approximately 200-bp fragments. The cDNA was synthesized using a random hexamer primer and purified with magnetic beads. After the end reparation and 3 0 end single nucleotide acid addition, the adaptors were ligated to the fragments. The fragments were enriched through PCR amplification and purified using magnetic beads. The libraries were assessed using the Agilent 2100 Bioanalyzer and quantified using the ABI StepOnePlus Real-Time PCR System. The samples were sequenced on an Illumina HiSeq 2000 with paired ends (BGI Tech, Shenzhen, China).
De novo assembly of transcriptome and abundance estimation
Low-quality reads with Phred scores < 20 were trimmed using Fastq_clean [15] , and the data quality was assessed using FASTQC [16] . The filtered reads were assembled using Trinity (version 2.0.6) with default parameters [17, 18] . The paired-end reads from each library were mapped to de novo assemblies using bowtie (version 1.1.1) [19] . The transcript abundance was estimated using Corset (version 1.03) [20] . The count data generated from Corset were processed using the edgeR package [21] . Transcripts with less than one count per million reads (CPM) for at least three libraries were removed, and the remaining data were used for the next analysis. A matrix was constructed using the single factor style. Effective library sizes were determined using the trimmed mean of M values (TMM) normalization method. The common dispersion and tag wise dispersion were estimated using the quantile-adjusted conditional maximum likelihood (qCML) method. The exact test was performed to compute the expression of genes between the treatment and mock groups. Raw P values were adjusted for multiple testing using a false discovery rate (FDR) [22] . Genes with an FDR of less than 0.05 and fold-changes greater than 2 were regarded as DEGs. GO analysis of the DEGs and pathways were processed using DAVID [23] . Hierarchical clustering of the genes was performed using the pheatmap R package (version 1.0.7) [24] .
Quantitative real-time PCR analysis
For each sample, 1 μg total RNA was used for cDNA synthesis using the PrimeScript Kit (TaKaRa Biotechnology, Dalian, China). TaKaRa SYBR Premix Ex Taq II (TaKaRa Biotechnology, Dalian, China) was used for qPCR. qPCR was performed on the Roche Light Cycler 96 System (Roche, Swiss). Each sample contains three independent biological replicates. The information of the primers used in the qPCR analysis was listed in S1 Table.
Results and discussion

Sample collection and Illumina paired-end transcriptome sequencing
The dynamic fatty acid contents of developing pecan seeds collected from 65 DAP and 165 DAP (every two weeks) were characterized. The results showed that the fast lipid accumulation started at 95 DAP and lasted to 125 DAP. Prior to 85 DAP (before August), low level of lipid can be detected was less than 0.05% (Fig 1) . It increased slowly after 95 DAP and reached 23.6% at 125 DAP, resulting in 40.95% increment rate in average. Since 95 DAP, the ratio of oil to fat increased significantly and the unsaturated fat started to accumulate. To obtain the information of genes involved in seed development of pecan, the embryos at different developmental stages was collected and then used for the following cDNA library construction. The other six cDNA libraries were constructed from two stages of developing seeds (i.e., the initiate stage, PA and the fast oil accumulation stage, PS; each stage contains three independent biological replicates) and sequenced by Illumina high-throughput sequencing platform. After filtering the low-quality, adaptor-polluted and high content of unknown base, a total of 82,155 unigenes were assembled. The mean length of these unigenes was 1,198 bp and GC content was 42.75% (Table 1) Table) . We detected 55,854 CDS and predicted 2,807 transcription factors (TF) coding unigenes. It was also found that 699 SSR distribute on 17,087 unigenes. The identification of unigenes from pecan seeds at different developmental stages could provide a basis for future research, such as transcriptome analysis, gene cloning and transgenic studies.
Functional characterization of the unigenes of pecan by Gene Ontology, Clusters of Orthologous Groups and KEGG pathway analysis
Gene Ontology assignments were used to classify functions of the predicted pecan seed unigenes. 32,499 (39.56%) unigenes were categorized into 53 functional groups under three main divisions (biological process, cellular components, and molecular functions) (Fig 2) . In the biological process, cellular process (16061 unigenes), metabolic process (16600 unigenes) and single-organism process (10010 unigenes) are most abundant groups, followed by biological regulation, localization and regulation of biological process. In the cellular component, cell (12956 unigenes), cell part (12846 unigenes), membrane (11783 unigenes), membrane part (9258 unigenes), and organelle (8926 unigenes) were the predominant groups, followed by macromolecular complex (3324 unigenes), organelle part (4051 unigenes). In the molecular function, binding (15212 unigenes) and catalytic activity (15303 unigenes) were the predominant groups, followed by transporter activity (2046 unigenes).
The unigenes of pecan seed were also compared with the Clusters of Orthologous Groups and KEGG databases for further functional prediction. By COG analysis, a total of 22,949 unigenes were annotated and classified into 25 groups (Fig 3) . The most abundant groups were "General function prediction only" (6930), "Transcription" (3917), "Replication, recombination and repair" (3469) and "Signal transduction mechanisms" (3061). Among these 25 groups, abundant unigenes were also classified into "Lipid transport and metabolism", "Energy production and conversion", and "Carbohydrate transport and metabolism", which was closely related to seed oil biosynthesis. Pathway-based analysis of the seed unigenes of pecan by KEGG can further our understanding of the gene functions. A total of 43,881 unigenes were classified into 21 groups (Fig 4) . The predominant groups included, "Carbohydrate metabolism" (4056), "Translation" (3729), "Folding, sorting and degradation" (3321), "Lipid metabolism" (2091), "Amino acid metabolism" (2287) and "Transport and catabolism" (2667). Conclusively, abundant unigenes or pathways annotated by GO, COG and KEGG analysis, were closely linked to the changes in oil content and composition that take place during the pecan seed ripening. The information of the identified unigenes that could be involved in the lipid biosynthesis would be very helpful in the following research.
Identification of transcription factors during pecan seed development
Transcription factors are powerful regulators in controlling gene expression almost in every aspect of plant growth and development [25] [26] [27] . The lipid biosynthesis is also controlled by many key transcription factors, such as WRINKLED1 (WRI1) [28] , LEAFY COTYLEDON 1 (LEC1) [29] , LEAFY COTYLEDON 2 (LEC2) [30] , FUSCA3 (FUS3) [31] and ABSCISIC ACID INSENSITIVE 3 (ABI3) [32] . After annotation, 2,807 were predicted to be transcription factor (TF) coding unigenes. The predicated transcription factors were further classified into 57 types (Fig 5) . The most abundant groups were MYB (448), MYB-related (368), bHLH (209), C3H (181), NAC (131) and FAR1 (123). The results suggested that these types of transcription factors played important role during pecan seed development, including oil biosynthesis and accumulation. Gene expression profile at two developmental stages
The transcriptome of pecan seed at fast lipid accumulation stage (PS) was compared with that at initial stage (PA) to identify genes involved in the lipid biosynthesis. A general picture of the differentially expressed genes was plotted for PS library versus PA library. A total of 13,325 unigenes showed ! 2-fold expression change between PS and PA libraries. Among these, 5580 unigenes were up-regulated, and 7745 were down-regulated (Fig 6) . The 30 most abundant unigenes in PA liberary were selected for further functional analysis. We noticed that many unigenes are cell wall structural constituent related, such as "proline-rich protein" [33] (CL328. Contig2_All, CL1580.Contig5_All, CL328.Contig1_All, CL1580.Contig3_All, CL328.Contig3_All, and CL1580.Contig7_All), "xyloglycan endotransglycosylase" (CL4283.Contig2_All, CL4283.Contig1_All and CL6948.Contig2_All) ( Table 2 ). The high expression of cell wall constituent-related genes could be consistent with the fast cell growth and amplification of the seed embryo at the early development stages. Among the most abundantly expressed genes in PS libraries, seven unigenes (Unigene7604_All, CL2857.Contig3_All, CL10064.Contig2_All, Unigene1979_All, CL2857.Contig1_All, Unigene3155_All, Unigene19032_All), were identified to encode oleosins, which are an important part of oil bodies. Further, four unigenes (Unigene5477_All, CL3568.Contig2_All, CL9901.Contig1_All, and CL9901.Contig2_All) encoding storage proteins, were also found to be abundantly expressed at the PS stage. DIACYLGLY-CEROL ACYLTRANSFERASE 1 (DGAT1) (Unigene16582_All) which is a rate-limiting enzyme controlling lipid biosynthesis, was highly expressed in the PS stage (Table 3) . Taken together, those unigenes abundantly expressed in the PS library could be closely correlated with the fast protein and lipid accumulation in the pecan seed.
To further identify the functions of the differentially expressed unigenes (DEGs) between PA and PS libraries. Gene Ontology analysis was carried out on the 13,325 unigenes. In the "biological process" category, these unigenes were classified into 21 groups (Fig 7) . The predominant groups are "metabolic process", "cellular process" and "single-organism process", followed by "biological regulation", "regulation of biological process" and "localization". In the "cellular component" category, the most presented groups were "membrane", "cell", "cell part", "membrane part", and "organelle". These DEGs were divided into 15 groups according to their molecular functions; the predominant groups were "binding" and "catalytic activity". Further, the KEGG pathway classification was carried out for the functional enrichment for the unigenes. The DEGs were classified into 21 groups, half of which were belonging to the "metabolism" category (Fig 8) . The most abundant groups, including carbohydrate metabolism, amino acid metabolism, lipid metabolism and energy metabolism, were closely related to seed oil and storage protein biosynthesis. After pathway functional enrichment, we noticed that abundant DEGs were included in "metabolic pathways", "biosynthesis of secondary metabolites", "starch and sucrose metabolism", "phenylpropanoid biosynthesis", and "fatty acid metabolism", which were closely related to the fast lipid and storage protein accumulation at the fast oil accumulation stage. The pathway analysis of the DEGs between PS and PA libraries could provide valuable information for the following research on the seed development of pecan. Transcriptome analysis of pecan seeds
Identification of unigenes related to the fatty acid biosynthesis
Pecan seeds can accumulate considerable amounts of unsaturated fatty acids at the late developing stages. Thus, the comparison of the transcriptome libraries of pecan seeds at the initial stage and the fast oil accumulation stage may help us to identify the key regulators involved in the regulation of fatty acids biosynthesis. Based on the functional annotation and GO analysis of the DEGs, we summarized the expression levels of DEGs that could be involved in fatty acid and TAG biosynthesis. For fatty acid biosynthesis, 81 unigenes were identified, including 6 genes coding acetyle-CoA carboxylase (ACCase), 2 for enoyl-ACP reductase (EAR), 10 unigenes encoding 3-ketoacyl-ACP synthases (KAS) (2 for KASI, 5 for KASII, 2 for KASIII and 1 for KASIV, respectively), 3 unigenes encoding fatty acid synthase (2 for enoyl-ACP dehydrase EAR and 1 for ketoacyl-ACP reductase KAR) ( Table 4 ). The RPKM values showed that these genes involved in the de novo FA biosynthesis were up-regulated in the fast oil accumulation stage, which is in accord with the oil biosynthesis undergoing at this period. In addition, three unigenes encoding thioesterases, which can produce free FAs (2 for acyl-ACP thioesterase A FATA and one for acyl-ACP thioesterase B FATB), 15 unigenes encoding long-chain acylCoA synthetases, which catalyzes esterification of free FAs to CoA, and 6 unigenes encoding acyl-CoA binding proteins (ACBP, acyl-CoAs transportors). The transcriptome results showed that these unigenes were up-regulated at the fast oil accumulation stage, indicating their pivotal roles in FA synthesis in pecan seeds. For the formation of unsaturated FAs, 10 unigenes encoding fatty acid desaturase were identified, including 2 unigenes encoding stearoyl-ACP desaturase (SAD), which removes two hydrogene atoms from stearic acid to form oleic acid, 8 unigenes encoding oleate desaturase (5 for FAD2, 1 for FAD3, and 2 for FAD7), which can remove two hydrogene atoms from oleic acid to form linoleic acid. Oleic acid, which is directly catalyzed by the fatty acid desaturases, is the predominant unsaturated fatty acid. The high expression level of the fatty acid desaturases at the fast oil accumulation stages could lead to fast biosynthesis of the unsaturated fatty acids in the pecan seeds. Triacylglycerol acid and oleosins are the main energy stocks in the seeds. In the pathway of TAG assembly, there are three unigenes encoding glycerol-3-phosphate acyltransferase (GPAT, which catalyzes the first step of TAG biosynthesis), five unigenes for acyl-CoA: diacylglycerol acyltransferase (DGAT, which transfer the acyl group to the 1, 2-diacylglycerol to form TAG), and four unigenes for NAD-dependent glycerol-3-phosphate dehydrogenase (GPDH, which catalyzes sn-glycerol 3-phosphate, an initial substrate for TAG synthesis). The results showed that all the TAG biosynthesis unigenes were substantially expressed at the fast oil accumulation stage, indicating the pivotal role of these unigenes playing in TAG synthesis (Table 5) . Among these genes related to TAG synthesis, 12 genes were randomly selected and their gene expression by RNA seq was further validated by quantitative real time PCR (Fig 9) . In the plant cell, TAG is usually stored in the oil bodies, of which is surrounded by oleosin or steroleosin in the seeds. Thus the fast accumulation of TAG is also accompanied with an increased level of oleosin proteins. From the libraries of pecan seeds at different developing stages, we identified 10 unigenes encoding oleosin proteins. The expression of these oleosin genes was very high at the fast oil accumulation stage, which is also in accord with the expression pattern of fatty acid and TAG synthesis genes.
Identification of unigenes encoding allergens in the pecan seeds
Although pecan nuts have been enjoyed safely by millions of consumers, it was also found that many people are allergic to the allergens in the seeds. In pecan seeds, the main allergens represent a class of pecan proteins [34] . The food allergens in the seeds were shown to be stable, even under in vitro proteolysis, whereas the non-allergenic proteins can be fast digested under the same conditions [35] . It was important to minimize the activity of the allergens before the pecan seeds were processed to food. Characterization of the allergen proteins in pecan seeds would be helpful in practice to decrease the allergen content. In the molecular level, the identification of the key genes encoding the allergen proteins would be helpful to generate the allergen-free pecan nuts by knocking out these allergen genes using the genome editing technology. In the transcriptome library of pecan seeds collected from differential developing stages, we identified 76 unigenes that could encode the allergen or allergen-related proteins. Among the 30 most abundant unigenes at the fast oil accumulation stage (PS), two unigenes (Unigene679_All and CL3605.Contig2_All) separately encoding allergen I1 and major latex allergen Hev b5 were identified ( Table 3) . The high expression level of allergenencoded genes at PS stage indicated a high accumulation of allergen proteins during the ripping (should this be ripening?) of the pecan seeds. Three other unigenes, CL7385.Contig1_All, CL5380.Contig4_All and CL3308.Contig2_All, which separately encode Allergen Hev b 8.0201, Major pollen allergen Pla l 1 and Allergen Pru du 3.02, were found to be highly expressed at PA stage, whereas down-regulated at PS stage ( Table 6 ). The identification of allergen-encoded unigenes in this work would provide potential molecular targets for generating the allergen-free pecan cultivars.
Conclusions
In this work, we report a comprehensive dataset by high-throughput sequencing technology for pecan. Transcriptome analyses of pecan seeds at different developing stages revealed 82,155 unigenes. Further analyses from two developmental stages (the initial stage, and the fast oil accumulation stage) of pecan nuts showed abundant unigenes differentially expressed between these two libraries, with 5580 unigenes up-regulated, and 7745 down-regulated. These identified unigenes could be involved in fatty acid biosynthesis and degradation, TAG biosynthesis, and some other developing aspects. Given the economic significance of pecan as an important resource of edible unsaturated oil, pecan still needs agronomic improvement, such as increasing the seed oil content, generating an allergen free pecan nut, and so on. To achieve this goal, the identification of the genes that are involved in regulating these biological processes is very important. The transcriptome dataset provided in this work would be helpful for the molecular breeding of pecan.
